DIVERGE is a software system for phylogeny-based analyses of protein family evolution and functional divergence. It provides a suite of statistical tools for selection and prioritization of the amino acid sites that are responsible for the functional divergence of a gene family. The synergistic efforts of DIVERGE and other methods have convincingly demonstrated that the pattern of rate change at a particular amino acid site may contain insightful information about the underlying functional divergence following gene duplication. These predicted sites may be used as candidates for further experiments. We are now releasing an updated version of DIVERGE with the following improvements: 1) a feasible approach to examining functional divergence in nearly complete sequences by including deletions and insertions (indels); 2) the calculation of the false discovery rate of functionally diverging sites; 3) estimation of the effective number of functional divergence-related sites that is reliable and insensitive to cutoffs; 4) a statistical test for asymmetric functional divergence; and 5) a new method to infer functional divergence specific to a given duplicate cluster. In addition, we have made efforts to improve software design and produce a well-written software manual for the general user.
Because gene duplications provide raw materials for functional innovations (Ohno 1970; Wolfe and Shields 1997; Gu et al. 2002b; Eisen and Fraser 2003; Wang et al. 2009; Zou et al. 2011) , it is desirable to develop sequence-based methods to identify amino acid sites that are likely responsible for any functional changes (Casari et al. 1995; Tatusov et al. 1997; Gaucher et al. 2002; Gu 2003) . To facilitate such predictions, we developed software packages DIVERGE1.0 and DIVERGE2.0 (available at http://www.xungulab.com). The DIVERGE packages have been widely used (Wang and Gu 2001; Gu et al. 2002a Gu et al. , 2002b Zheng et al. 2007; Zhou et al. 2007; Mertz et al. 2009 ), as recently reviewed by Benitez-Paez et al. (2012) . DIVERGE provides a suite of statistical tools for the selection and prioritization of functional divergence-related amino acid sites within a gene family based on functional constraint patterns extracted from a multiple sequence alignment (MSA) (Gu 1999 (Gu , 2001a (Gu , 2006 Gu and Vander Velden 2002) .
Many other computational methods have been developed in the last decade for the same purpose. Sonnhammer (2005a, 2005b) developed a large-scale database (FunShift) for analyzing rate shifts between gene subfamilies, Donald and Shakhnovich (2009) for database SDR, and Lopez et al. (2007) for database FirDB. Meanwhile, a number of tools have been developed to quickly survey the functional divergence of large gene families (Kalinina et al. 2004; Pazos and Sternberg 2004; Arnau et al. 2006; Pazos et al. 2006; Brandt et al. 2010) . Also, advanced multivariate analysis techniques have been used to statistically identify the determinants of funtional divergence (Casari et al. 1995; Reva et al. 2007 ; Wallace and Higgins 2007; Capra and Singh 2008; Bharatham et al. 2011) . In many studies, protein structure information has been incorporated into the algorithm for functional divergence prediction (Lichtarge et al. 1996; Hannenhalli and Russell 2000; Landgraf et al. 2001; Blouin et al. 2003; Kalinina et al. 2004; Chakrabarti et al. 2007; Chakrabarti and Panchenko 2009; Rausell et al. 2010) . Additionally, Huang and Golding (2011) and Gao et al. (2005) have developed practical methods to infer sequence regions that are under functional divergence between duplicate genes. A number of studies have shown that modeling functional divergence is closely related to a special class of evolutionary models called covarion or heterotachy (Knudsen and Miyamoto 2001; Lopez et al. 2002; Pupko and Galtier 2002; Susko et al. 2002) . These efforts have demonstrated that substantial information about site-specific functional divergence can be inferred from the pattern of rate change in an MSA. Possibly coupled with protein structure and/or functional genomics data, these predicted sites can be used as candidates for further experimentation.
Diverge has several advantages over other programs, including an explicit evolutionary model and statistically ß The Author 2013. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com rigorous scores for site predictions. However, DIVERGE (and other programs) cannot perfectly distinguish between neutral and adaptive evolutionary changes. For instance, apparent sequence-level functional divergence between paralogous genes can be adaptive due to change in functionality or can be neutral due to biased mutational processes when the duplicated gene is located in a GC-poor isochore, whereas the original is in a GC-rich isochore. Apparently, a comprehensive analysis pipeline integrating coding and noncoding sequences with multiple functional genomics data is needed.
In response to popular demand, here we report the release of an updated version, DIVERGE3. Available at the website http://www.xungulab.com, this new version has the following features: implementation of new analytical methods, user-inspired improvements in software, and a well-written software manual for the general users.
New Methods
Statistically predicting amino acid sites that are involved in functional divergence of a protein family under the background of neutral evolution (Kimura 1983 ) is the central purpose of DIVERGE. In molecular evolution, the functional importance of a gene is quantified as the intensity of purifying selection (functional constraint). Because a (negatively) larger value of the selection intensity means greater functional constraint and lower evolutionary rate, changes in evolutionary rate can be interpreted as "changes in functional constraints," an indication of functional divergence. In the following, we use a simple case of two duplicate clusters ( fig. 1) Given the MSA of a gene family with two duplicate clusters, amino acid sites can be grouped into four types. 1) Type 0 represents amino acid patterns that are universally conserved throughout the whole gene family; these sites are important for the common protein structure and function. 2) Type I represents amino acid patterns that are highly conserved in one duplicate cluster but highly variable in the other; these sites may have experienced shifted functional constraints. 3) Type II represents amino acid patterns that are In the early stage, the evolutionary rate (say, in cluster 1) may increase for functional divergence-related change, but in the late stage, it may be higher (or lower) than its original rate, resulting in shifted functional constraints between clusters 1 and 2, or type I functional divergence. If the rate in the late stage is back to the same as the original one, no shifted functional constraints between clusters 1 and 2 can be observed, or type II functional divergence. (C) A hypothetical multiple alignment to show universally conserved sites (type 0), type I and type II amino acid patterns, and U-type sites (unclassified). Figure modified from Gu (1999 Gu ( , 2001a Gu ( , 2006 . highly conserved within both duplicate clusters but are conserved in a biochemically different state. For example, negatively charged amino acids may be conserved in one gene and positively charged ones in the other. These sites may be involved in functional specifications. Finally, 4) Type U represents amino acid patterns that cannot be classified into the three above types, for instance, amino acid sites that are highly variable in both clusters.
The goal of DIVERGE is to develop statistical methods to test and predict type I and type II amino acid patterns. Type I functional divergence postulates that functional divergence between duplicate genes results in shifted functional constraints (i.e., different evolutionary rate) at some sites, called F 1 site, which typically show type I amino acid patterns. A two-state model was implemented. Let l 1 and l 2 be the evolutionary rates in duplicate clusters 1 and 2, respectively. Under the functional divergence-unrelated state (F 0 ), the evolutionary rate is similar between duplicate clusters (l 1 = l 2 ). In contrast, under the type I functional divergence-related state (F 1 ), l 1 and l 2 are independent as the result of shifted functional constraints. The key step is then to estimate the coefficient of type I functional divergence, I , defined as the probability of a site being in the state F 1 . Moreover, DIVERGE provided a site-specific profile based on posterior scores to predict the sites responsible for type I functional divergence.
Type II functional divergence (Gu 2006) postulates that functional divergence between duplicate genes at some sites results in type II amino acid patterns. At a site related to type II functional divergence, called F 2 site, rapid evolution occurred in the early stage after gene duplication, resulting in a radical amino acid change. Subsequently, the site became highly conserved. Here, we will briefly explain the principles behind the analysis. Although type II functional divergence may have occurred in the early (E) stage after the gene duplication, purifying selection plays a major role in the late (L) stage to maintain the related, but distinct, functions of duplicate genes. A two-state model was implemented to distinguish between them: 1) in the E stage, an amino acid site has two states: F 0 (functional divergence unrelated) and F 2 (type II functional divergence related). The probability of a site being under F 2 is given by P(F 2 ) = II , the coefficient of type II functional divergence. 2) In the late (L) stage, an amino acid site is always under the state of F 0 , indicating that amino acid substitutions in this stage are mainly under the purifying selection. Next, let l E and l L be the evolutionary rates in the early (E) and late (L) stages, respectively. The relationship between them depends on the status of type II functional divergence. Under F 0 , the evolutionary rate at a site remains the same between the early (l E ) and late (l L ) stages (l E = l L ). Under F 2 , l L and l E are independent. DIVERGE2.0 formulated a statistical method for the estimation of II and implemented site-specific posterior profiles for predicting type II functional divergence.
Involvement of Gaps
All methods implemented in previous DIVERGE versions followed the common practice in phylogenetic analysis of ignoring indels (i.e., deletions and insertions). Consequently, some important functional information may be missed. A simple approach to examining functional divergence in nearly complete sequences is to represent a gap by adding an additional character (Edwards and Shields 2004) . Two drawbacks of this approach are overcounting of deletioninsertion events and sensitivity to the alignment uncertainty. For instance, adjacent indels would be considered two independent events, rather than the more biologically reasonable single, two-site indel event (Gu and Li 1995) . The new version of DIVERGE has implemented the following algorithm to deal with gaps. 1) Carry out functional divergence analyses, for example, estimation of the coefficients of type I and type II functional divergences, based on the alignment positions without any gap. 2) Calculate the site-specific posterior profile for those sites without gaps. 3) Given the parameters estimated for ungapped sites, calculate the site-specific posterior probability for sites with gaps by treating indels as additional characters. Our approach attempts to both avoid the effects of alignment uncertainty on phylogenetic analysis and expand the site-specific posterior profile to include as many sites as possible.
False Discovery Rate for Predicted Amino Acid Sites
Knowing the false discovery rate (FDR) of the predicted sites is critical to assessing the reliability of the results. In general, FDR is the proportion of predicted sites that are actually unrelated to functional divergence. DIVERGE and DIVERGE2 mainly use a site-specific posterior profile, denoted by Q k for site k, as a scoring system to identify functional divergence-related amino acids. We calculate FDR with the following procedure in the updated version of DIVERGE. Let L c be the number of sites predicted under the posterior cutoff c. Then, we have shown (Gu 2011 ) that FDR(c) can be approximately calculated by
where set A is for all sites k that satisfy Q k > c. This value may help to evaluate the cost of experiments caused by falsepositive predictions. There are several versions of FDR, as numerically illustrated in Xia (2011) . We shall study these measures and, if we find them to be useful, implement them in the following updated version.
Effective Number of Sites Involved in Functional Divergence
Even though most studies pointed to a small number of sites that can be predicted as type I or type II functional divergence-related Sonnhammer 2005a, 2005b) , calculation of the average percentage of amino acid sites involved is problematic. From our preliminary analysis, we notice that, after removing those predicted sites with the strongest signals, the functional divergence between duplicate genes for the rest of amino acid sites usually becomes trivial. On the basis of this observation, we have designed a rapid nonparametric procedure to count the effective number of functional divergence-related sites. 
MBE
Consider a gene family with two duplicate clusters. The effective number (n e ) of functional divergence-related sites (F sites) is defined as the minimum number of sites, such that, when they are removed, the coefficient of functional divergence for the rest of sites approaches to zero. The algorithm is as follows. 1) Obtain the site-specific posterior profile for type I or type II functional divergence by conventional methods. 2) Rank amino acid sites according to this profile. 3) Calculate the coefficient of functional divergence (denoted by *) after removing the site with the highest posterior probability. 4) Repeat step 3 sequentially as long as the condition * > se* holds, where se* is the standard error of * used to control the long-tail problem (i.e., the broadening of the null distribution when the sample size is small). 5) Stop the procedure when * < se*. 6) Finally, count the number of removed sites as the number of effective F sites (n e ).
Site-Specific Rate Change After Gene Duplication
In type I functional divergence analysis, it is useful to calculate the magnitude of the site-specific rate shift between two duplicate genes. Let r k,1 (or r k,2 ) be the relative evolutionary rate at site k in duplicate cluster 1 (or cluster 2). We implemented the method of Gu (2001b) for calculating r k,1 and r k,2 because it was designed specifically for type I functional divergence. However, other methods would give similar results (not shown). The overall level of functional constraint of each duplicate gene can be measured by the conventional ! = d N /d S ratio, which may differ between the genes, that is, ! 1 6 ¼ ! 2 . We thus used the formulas ! k,1 = ! 1 r k,1 and ! k,2 = ! 2 r k,2 as proxies for the site-specific measurement of functional constraint. In the updated software, the change ratio of functional constraints at a site between duplicate clusters is plotted against the positions of protein sequence alignment.
Testing Asymmetric Type I Functional Divergence DIVERGE2 implemented functional distance analysis to demonstrate the asymmetry of type I functional divergence but lacked a rigorous statistical basis. Here, we solve this problem by implementing a simple method as follows. Suppose we test whether type I functional divergence is asymmetric between duplicate clusters 1 and 2, given a more ancient duplicate cluster 3 as outgroup. Let 12 , 13 , and 23 be the coefficients of type I functional divergence between pair-wise duplicate clusters. Under the hypothesis of symmetry between duplicate clusters 1 and 2, we have the null 12 = 13 and develop an approximate method to calculate the sampling variance of = 13 À 23 , for testing whether the null hypothesis = 0 can be statistically rejected (see DIVERGE3 software manual for technical details).
Site-Specific Posterior Profile of Gene-Specific Type I Functional Divergence
The updated DIVERGE implements a new method that helps the user infer type I functional divergence specific to a given duplicate cluster. To this end, we need to analyze three duplicate clusters simultaneously. Under the two-state model (functional divergence unrelated F 0 or related F 1 ) (Gu 1999 (Gu , 2001a , there are eight possible combined states for three duplicate clusters, which can be reduced to five nondegenerate patterns. S 0 = (F 0 , F 0 , F 0 ) means no type I divergence occurred in any clusters. S 1 = (F 1 , F 0 , F 0 ) means type I functional divergence occurred only in cluster 1, and similarly S 2 = (F 0 , F 1 , F 0 ) and S 3 = (F 0 , F 0 , F 1 ). The final pattern S 4 is for the rest of four states, each of which has two or three clusters that have experienced type I functional divergence.
Let f k = P(S k ), k = 0, . . . , 4, be the probability of the kth (nondegenerate) pattern. We then claim that the coefficient of type I functional divergence between any two clusters is given by 12 = f 1 + f 2 + f 4 , 13 = f 1 + f 3 + f 4 , or 23 = f 2 + f 3 + f 4 , respectively. This is because, say, 12 includes the probabilities of type I functional divergence occurred in cluster 1 (f 1 ), or cluster 2 (f 2 ), or both (f 4 ). Our goal is to calculate the posterior probability of the jth joint pattern S j conditional on the observations x. By Bayes rule, this is
where j = 0, 1, 2, 3, and 4. This formula can be used to predict amino acid sites that have experienced type I functional divergence in a specific duplicate cluster. The updated version of DIVERGE implements this statistical method for estimating f k and P(x j S j ) under the model of type I functional divergence.
Results and Discussion
We have implemented these newly developed methods in the updated version DIVERGE3 (table 1) and carried out substantial case studies to demonstrate the usefulness of these methods. We also conducted some comparative studies with those that have been addressed experimentally. Because of the space limitation of a software-type article, here we will only discuss three examples.
COX (Cyclooxygenase) Duplicate Genes (COX-1 and COX-2)
FDR for Predicted Type I Functional Divergence-Related Sites Given the gene phylogeny and 584 aligned amino acid sites, we obtained I = 0.56 ± 0.11 between COX-1 and COX-2 (Gu 2001a) . For the top five predicted sites under the posterior cutoff 0.80, we calculated the corresponding FDR as 11.0%. If we lower the posterior cutoff to 0.7, the FDR value for the 19 predicted sites is 20.1%. This example shows that in practice, one can also use FDR as a primary criterion to make functional predictions.
Effective Number of Functional Divergence-Related Sites Figure 2 shows the *-RemovedSite profile of type I functional divergence between COX1 and COX2. As expected, the * value decreases rapidly when more sites are removed and is nearly zero when the top 30 sites are removed (roughly at the posterior probability of 0.63). Because this profile has a long tail around zero, we recommend the use of one standard error of * to control the long tail problem; in this case, we obtain n e = 27. We thus conclude that about 4.6% of amino acid sites may have been involved in the type I functional divergence between COX1 and COX2. fig. S3 , Supplementary Material online) indicates that these duplicate genes may have been generated in the early stage of vertebrate evolution. Figure 3 shows site-specific profiles of ADRA2A, ADRA2B, and ADRA2C-specific type I divergence in panels A, B, and C, respectively. Given ADRA2A cluster as the outgroup (supplementary fig. S3 , Supplementary Material online), we observed seven type I sites predicted in ADRA2B (positions 120, 190, 245, 247 and 350, 351, and 421) under the posterior cutoff 0.6, whereas there is only one predicted type I site (position 258) in ADRA2C. This observation is consistent with the result of the asymmetric test for type I functional divergence between ADRA2B and ADRA2C (P < 0.005).
Outlook
Many factors can affect divergence in protein evolution, such as genomic bias of GC content (Su et al. 2011) , histone modifications (Zou et al. 2012) , alternative splicing (Su et al. 2006; Su and Gu 2012) , and tissue expression pattern ). In other words, amino acid substitution is just one of many evolutionary mechanisms. Therefore, combining computational analyses and experimental data sets is the current trend to solve the central problem in protein evolution. This synergistic effort permits a more rational, cost-effective design of functional analysis of proteins. DIVERGE has been widely used for this purpose. DIVERGE3 will have the flexibility to be integrated into computational pipelines to ease the analysis of increasingly large data sets, with the option of open source. 
FIG. 3.
Site-specific profile for predicting critical amino acid residues responsible for the gene-specific type I functional divergence among ADRA2 subfamily, measured by posterior probability. Site-specific profile of amino acid sites responsible for the (A) ADRA2B, (B) ADRA2C, and (C) ADRA2A-specific type I functional divergence.
